Abstract -Aggregations of male bumblebees are occasionally observed at the nest entrances of conspecifics. It has always been assumed that they originate from nearby nests and are hoping to mate with emerging gynes. However, it is possible that they are males from within the nest that have not yet dispersed, or are hoping to mate with their sisters. Inbreeding in Hymenoptera with single locus complimentary sex determination (sl-CSD) is costly and should be avoided. Nevertheless, other taxa with sl-CSD have been found to inbreed in this way. We use microsatellites to compare aggregating males with workers from within a Bombus muscorum nest. All males have genotypes inconsistent with origination from within the nest. Estimates of F IS are near zero, indicating low rates of non-random mating. Clearly male bumblebees can detect mature nests, and congregate in the hope of mating with virgin queens. These data suggest that mechanisms may exist to avoid brother-sister matings at the nest, and perhaps beyond.
INTRODUCTION
Much is still to be learned about the mating behaviour of many bumblebee species, with successful copulations only seldom observed (Goulson, 2003) . A great diversity of male mating strategies exist, and are broadly grouped by Williams (1991) into 4 categories. Patrolling males leave scent marks on a number of prominent objects and visit them sequentially, hoping that a queen will be attracted by the pheromone. In racing behaviour, males choose a perch and pursue potential mates from this look-out, but do not compete with other males for preferred perches, unlike territorial males, who do compete. Finally, cruising males hover in mid-air, rather than perching, and pursue potential mates as they pass.
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In addition to these strategies, a number of authors have documented the chance observation of aggregations of male bumblebees in close proximity to nest entrances (Smith, 1858; Tuck, 1897; Frison, 1930; Krüger, 1951; Alford, 1975; Lloyd, 1981; Free, 1987; Villalobos and Shelly, 1987; Foster, 1992) . It has always been assumed that these males are individuals from other nests, hoping to mate with newly emerging gynes. It is, however, possible that these males have recently emerged from within the nest and are lingering prior to dispersal, or are waiting at the exit in the hope of mating with one of their sisters. One might predict that selection would act against this behaviour, due to the single-locus complementary sex determination system (sl-CSD) found in bumblebees. Brother-sister mating in monoandrous species (see Estoup et al., 1995; Schmid-Hempel and Schmid-Hempel, 2000) leads to nests producing sterile diploid-males in place of half of the work force, which is best viewed as 50% worker mortality (Cook and Crozier, 1995) . These nests suffer significant costs and are likely to produce few reproductives, resulting in significant individual and population-wide fitness effects (Zayed and Packer, 2005) . However, many more males are produced in any one season than are queens, so many males may fail to mate (reviewed in Bourke, 1997) . Given that males can mate multiple times, mating with a sister prior to dispersal may well be a good insurance strategy (Cook and Crozier, 1995) . Indeed, Cowan (1979) found that in the Vespid wasp, Euodynerus foraminatus, males routinely wait at their natal nest and mate with their sisters as they emerge. It was not clear whether the females were complicit in this behaviour, although those females that emerged in the male's absence dispersed immediately. Subsequent work has concluded that this species does have sl-CSD (Stahlhut and Cowan, 2004a) , and that despite diploid male production, inbreeding is frequent (Stahlhut and Cowan, 2004b) .
However, recent work suggests that, in addition to diploid male production, brothersister mating has significant fitness costs for bumblebees. Hibernation survival and colony foundation success were both significantly reduced in inbred lines, and nest sizes were on average smaller (Gerloff and Schmid-Hempel, 2005) . One might therefore predict that inbreeding would be avoided, and indeed some bumblebee species have been found to exhibit avoidance behaviour. Foster (1992) found that queens of Bombus frigidus and possibly Bombus bifarius avoided mating with nestmates based on individually-borne cues. However, the same study found that Bombus californicus and Bombus rufocinctus mated indiscriminately with nestmates. These latter species are thought to congregate at the entrances of conspecific nests and compete for access to emerging virgin queens. Foster (1992) argues that species with this mating system eject young males from the colony, and in so doing avoid inbreeding. However, this system does not preclude the possibility that males may linger in the region of the nest. Dispersal carries its own inherent costs and risks (Bengtsson, 1978) , not least that no mates may ever be found.
Here we use molecular techniques to assess whether males of Bombus muscorum aggregated around a nest are brothers of the new gynes emerging from within, or are unrelated males from different nests.
MATERIALS AND METHODS

Study species
Once widespread on the mainland, B. muscorum (L.) now survives only in a series of small fragmented populations. It is, however, still relatively abundant on some Scottish islands (Edwards and Broad, 2005) where it thrives on heath and machair (Goulson et al., 2005) . Within the UK, a number of different subspecies are recognised, differentiated on the basis of coat colour, with the race found on the island of Pabbay being B. muscorum agricolae (Baker).
Sample collection
On the 17th August 2003, whilst visiting the island of Pabbay (Hebrides, NW Scotland - Fig. 1 ) an aggregation of up to 20 male B. muscorum was discovered concentrated within a few square metres. Upon closer inspection it became evident that they were localised around the entrance to a mature B. muscorum nest. Their behaviour was quite distinctive, with each bee attempting to perch close to the nest entrance. When another bee flew close to a perched male, the in-situ male would set off in pursuit and a chase lasting several seconds would ensue. It was not possible to tell whether the objective was to drive away a competitor, or whether it was an attempt to catch and mount a potential mate. Shortly after the chase had ended one of the males would land back at a spot close to the nest.
The chance discovery of this rare phenomenon offered a unique opportunity to investigate the relatedness of the male bees to the nest. As many of the swarming males as possible were caught using a butterfly net before the disturbance caused them to disperse. Nine were caught in total. Non-lethal tissue samples were taken for DNA analysis following the method of Holehouse et al. (2003) . A sample of 12 workers was then collected as they left the nest to forage. In addition, a population genetic sample was taken by collecting DNA samples from 36 foraging workers from random locations across the island. This sample was used to assess the suitability of the chosen molecular markers for use in this study, and to quantify certain population genetic parameters. Samples were preserved in pure ethanol and stored at ambient temperature.
Molecular methods
DNA was extracted using the HotShot protocol (Truett et al., 2000) . Workers were genotyped at 7 microsatellite loci: B132, B118, B96, B10, B11, B124, B126 (Estoup et al., 1995 (Estoup et al., , 1996 . B11 was found to be monomorphic. Microsatellites were amplified by polymerase chain reaction (PCR) in 10 μL volumes using QIAGEN Multiplex PCR kits. Each reaction contained approximately 10 ng template DNA, 1 μL Q-solution, 5 μL PCR Master Mix and 0.2 μM of each primer. Samples were initially denatured at 95˚C for 15 min, followed by 35 cycles of denaturing at 94˚C for 30 s, annealing at 51˚C for 90 s and extension at 72˚C for 90 s. A final extension step at 72˚C for 10 min then followed. PCR products were visualised on an ABI PRISM TM 377 semi-automated sequencer using an internal size standard (GeneScan ROX 350, Applied Biosystems). Fragment sizes were scored using Genotyper (Applied Biosystems). Repeat PCRs were carried out on any samples that had failed to amplify clearly.
Statistical methods
The dataset was first checked for unexpected mutation steps, large gaps in the data or unusually sized alleles using MSA (Dieringer and Schlotterer, 2003) . Tests for genotypic linkage disequilibrium and departure from Hardy-Weinberg equilibrium (HWE) were performed using GENEPOP version 3.4 (Raymond and Rousset, 1995) . Sequential Bonferroni corrections (Rice, 1989) were applied to minimise Type I errors. Population genetic parameters were calculated using FSTAT version 2.9.3 Nest aggregations of male Bombus muscorum 521 (Goudet, 2001 ). The coefficient F IS (Wright, 1951) was calculated using Weir and Cockerham's (1984) estimator (f).
Assessing relatedness
Bumblebees exhibit haplodiploidy, with diploid queens producing diploid workers and new queens from fertilised eggs, and haploid males from unfertilised eggs. The vast majority of bumblebees so far studied are monoandrous, with the queen mating only once (Estoup et al., 1995; Schmid-Hempel and Schmid-Hempel, 2000; Sauter et al., 2001; Payne et al., 2003) . Maternal and paternal genotypes can therefore be estimated based on the frequencies of alleles in a sample of worker offspring. Parental genotypes can be deduced in most cases, with the exception being when the queen is homozygous, but for a different allele to that found in the male genotype. In this case both alleles will be present at a frequency of 0.5, and it will not be possible to determine which allele came from which parent.
As males are produced from an unfertilised egg, if any alleles are present in a male genotype that are not present in the nest-queen genotype then it is certain that the male is not the offspring of that queen. Workers are also able to lay unfertilised eggs, which develop into males, so it was also necessary to determine whether congregating males could be their offspring. Males were excluded as being potential workers-sons if they exhibited any alleles not present in the inferred queen or paternal genotypes.
RESULTS
Neither a global test nor tests by locus detected any significant deviation from HWE. Similarly, no two locus-pairs demonstrated significant linkage disequilibrium.
Based on the alleles found at each locus in the sample of workers, the parental genotypes were estimated (Tab. I). At locus B132, it was not possible to determine whether the queen was homozygous for allele 155 or 157, so both possibilities were considered.
The genotypes of all of the sampled males contained alleles not present in the maternal genotype (Tab. II) confirming that the males were not the offspring of the nest-queen. Similarly, no male had a genotype consistent with being the offspring of a worker from the nest.
Within the male genotypes, the most polyallelic locus (B96) contained 4 alleles, suggesting that the males originated from at least 2 different nests.
Of the 7 microsatellite loci amplified, 6 were found to be polymorphic with a range of 2-6 alleles per locus (Tab. III). Average expected heterozygosity (H E ) for the polymorphic loci was 0.465 ± 0.12 and the estimate of F IS (f) was −0.004 ± 0.039.
DISCUSSION
To date it was not known whether male bumblebees congregating outside mature nests were the offspring of that nest, or males from other nests in the area. In this case, none of the 9 sampled males had genotypes consistent with being the offspring of either the queen or the workers from the nest. They must, therefore, have emerged from other nests on the island, and congregated at the entrance. Analysis of their genotypes suggests that the males originated from at least 2 different nests. Males must therefore be receptive to as yet unidentified cues emitted from mature colonies.
Based on this small study it is not possible to say whether male bumblebees avoid congregating at their own nests in all cases. However, the population as a whole was found to be in Hardy-Weinberg equilibrium, and estimates of the inbreeding co-efficient (f) were very low (-0.004), both of which are consistent with the avoidance of frequent brothersister matings. Cameron et al. (2004) recently studied male congregations of eusocial Asian stingless bees (Trigona collina), which are well known for gathering outside nests. They found that none of the males in drone aggregations of up to 42 males were flying in front of their natal nest. Given the high costs of inbreeding depression (Gerloff and SchmidHempel, 2005 ) and the production of diploid males (Zayed and Packer, 2005) it is perhaps unsurprising that brother-sister matings are avoided. Whether this behaviour is mediated by the willing dispersal of males or is policed by workers remains unknown. If the costs of inbreeding are sufficiently high then male bumblebees may choose to focus their (Foster and Gamboa, 1989; Pouvreau, 1996) and one function of this may be to help males avoid congregating at their own nests.
As part of a wider study of the population genetics of B. muscorum (Darvill et al., 2006) , samples from several small isolated islands were collected. Some islands were as small as 0.5 km 2 , but despite this no diploid males were found on most islands. It is possible that diploid male producing nests are very short-lived and therefore diploid males are at very low frequency. However, it is also possible that the absence of diploid males may be indirect evidence for an inbreeding avoidance mechanism. In the field cricket (Gryllus bimaculatus), females reared in isolation have been found to show a clear preference for mating with unrelated individuals, with mating preference increasing as relatedness decreased (Simmons, 1991) . Simmons (1989) suggests that females use their own cuticular compounds as a template. Pheromone composition is known to correlate with kinship in primitively eusocial sweat bees (Lasioglossum spp.) (Smith and Ayasse, 1987) . It would be of great interest to determine whether bumblebees are similarly able to determine relatedness on the basis of cuticular compounds and avoid inbreeding on this basis.
